The aim of our work was to determine the influence of intestinal bacteria on the development of atherosclerotic lesions using apolipoprotein E (ApoE)-deficient knockout mice.
Introduction
Atherosclerosis is a chronic inflammatory disease of large and medium arteries that is characterized by lipid deposition in arterial walls 1) . Animal models of human disease are helping to elucidate the etiopatho-weeks. This disease progresses from foam cell lesions to advanced lesions with fibrous caps and necrotic lipid cores. As found by Shi et al. 3) , ApoE / mice of strain C57BL/6 developed broader atherosclerotic lesions than ApoE / mice of strain C3 H/HEJ. Hence, the genetic background of the mouse strain is important for the development of lesions.
Apolipoprotein E (ApoE) is a glycoprotein synthesized mainly in the liver and brain. ApoE can also be synthesized by monocytes and macrophages in vessels. It is thought to have local effects on cholesterol homeostasis and on inflammation reactions in vessels 4) . Based on the findings that atherosclerotic plaque lesions contain macrophages and frequently also T cells (CD4 T cells), it is generally accepted that atherosclerosis is an inflammatory disease 5) . The role of microorganisms in the process of atherosclerosis has been frequently suggested but not yet fully documented. Several reports demonstrated the possible association of various pathogenic bacteria (periodontopathic bacteria, Chlamydia, Helicobacter pylori etc.) with coronary heart disease 6) ; however, there is only scarce information about the role of commensal bacteria in atherosclerosis. It was described that infectious agents are not necessary for atherogenesis developing in ApoE-deficient mice fed a high cholesterol diet: GF ApoE / mice and CV ApoE / mice fed solely a hypercholesteric diet were found to exhibit a comparable number and structure of atherosclerotic plaques 7) . The aim of the present study was to determine the influence of intestinal bacteria on the development of atherosclerotic lesions using ApoE-deficient mice reared under germ-free and conventional conditions, and fed a hypercholesteromic as well as normal low cholesterol diet.
Methods

Animals
ApoE-deficient mice strain B6.129P2-Apoe tm1Unc /J on a C57BL/6 background were obtained from Jackson Laboratory (Bar Harbor, Me) and bred at the Institute for Clinical and Experimental Medicine, Prague, Czech Republic. Mice were date mated and a cesarean section was performed on day 20 of fertility. The uterus was disinfected and transferred to a germfree isolator. After opening the uterus in the isolator, the newborn mice were taken out, washed and put to a lactating GF foster mother of BALB/c strain. The difference in lactation was only 3 days. We used plastic breeding isolators sterilized by peracetic acid 8) .
All experiments were performed in the Depart- 
Diet
The mice were fed standard diet ST-1 (Bergman, Kocanda, Czech Republic), containing 0% cholesterol and 3% fat (from fish meal) and the experimental hypercholesteric diet, containing 2% cholesterol, 5% tallow fat 3% fat (fish meal) for 3 − 4 months. The hypercholesteric diet was fed to 8-week-old mice. The diet and bedding material were sterilized by irradiation with 59.0 kGy (Bioster, Veverska Bytiska, Czech Republic). Sterilized diet and water were provided ad libitum.
Sterility Control of Germ-Free Animals and Colonization by Bacteria
To control the sterility of isolators, fecal samples from the isolator were evaluated and cultivated weekly for the presence of aerobic and anaerobic bacteria, mold and yeast. Samples were cultivated on peptone bouillon, Sabouraud bouillon, Schadller bouillon (Difco, Detroit, Michigan, USA) and then on blood agar, Sabourad agar and Schadller agar in an anaerobic atmosphere (gas Anaerogen 2.5lt; DIOXO) to detect the presence of anaerobic bacteria. Furthermore, the smears were stained with Gram stain and fluorescence dyes, which stained Gram-positive bacteria yellow and Gram-negative bacteria green 9) . For the study, it was necessary to eliminate the presence of pathogenic bacteria, such as Helicobacter (H.) muridarum in CV mice, which is the main pathogen in conventional breeding facilities. Urease-negative Helicobacter sp. (5´GAAAC-TATCACTCTAGAGTATG 3´, 5´TGCTCCTCATT-GTATGCC 3´) was detected by PCR. . Fecal pellets were dissolved in PBS and administered by rubber tube into the esophagus and rectum. Colonization of the intestine by commensal bacteria was checked by cultivation and the FISH method 12) . We used oligonucleotide probes for 16S rRNA, universal probe EUB 338 (5´-GCTGCCTCCCG-TAGGAGT-3´) FITC − , which detects all bacteria 13) , Bac 303 (5´-CCAATGTGGGGGACCTT-3´) FITC − for detection of Bacteroides spp. and Prevotella 14) , ECO 1531 (5´-CACCGTAGTGCCTCGTCA-3´) CY 3 − Escherichia coli 15) , E rectale 482 (5´-GCTTCTTAGT-CARGTACCG-3´) FITC − for detection of Eubacterium rectale and Clostridium coccoides 16) , and SFB 1008 (5´-GCGAGCTTCCCTCATTACAAGG-3´)FITC − for SFB 17) . All samples were counterstained using 4, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, USA).
Histological Assessment
Samples of thoracic and abdominal aorta were fixed with formalin and embedded in paraffin. Cross sections (5 m) were stained with Verhoeff 's hematoxylin and green trichrome according to a modified method 18) . Pathological alteration of the vessel wall was assessed by light microscopy. We assesed our findings according to the classification of atherosclerotic lesions recommended by the American Heart Association 19, 20) .
Quantitative Assessment of Alterations of the Vessel Wall
For quantitative analysis, we followed the methodology of Nachtigal et al. 21) with respect to general principles of stereology against the method of Howard and Reed 22) . These methods allow a reliable estimation of lesion volume in a three-dimensional space.
In order to estimate angiostenosis and size of atherosclerotic lesions in each sample, a segment of 0.36 mm underwent stereological analysis using the PointGrid module of Ellipse software (ViDiTo, Kosice, Slovakia). Within the reference volume, equidistant sections were selected through systematic uniform random sampling. The position of the first tissue section in the volume was random, i.e. equal to a product of (72 n), where n was a random number between 0 and 1. Starting with this section, every ninth section was captured with two constant magnifications, so that the distance between the two neighboring calibrated photomicrographs (sampling period) was 45 m. We assessed the area of an atherosclerotic or lesion in each tissue section according to Equation 1 estA a · P where estA was the estimated area of the atherosclerotic lesion, grid parameter a was the area corresponding to one test point and P was the number of test points hitting the atherosclerotic lesion or vessel lumen. The total number of points counted was at least 200 in all sections of each series. The Cavalieri principle against the procedure of Russ and Dehoff 23) was used to estimate the volume V of the atherosclerotic lesion within the reference segment of the aorta
where estV was the Cavalieri volume estimator, T 0.045 mm was the distance between the two following selected sections, Ai was the area of the atherosclerotic lesion or vessel lumen in the i-th section, and m stood for the total number of sections selected from the series. To estimate the value of m, i.e. the variation caused by sampling the serial sections, we used a method for predicting the coefficient of error (CE). Preliminary analysis proved that the number of sections sampled within each tissue block had to be m 8.
The relative obliteration of the aortic lumen by the atherosclerotic lesion was characterized by the area fraction of the free vessel lumen (AFFVL) (Equation 3):
where A (lesion) was the area of the atherosclerotic lesion, and A (lumen) was the area of the total vessel lumen, including the lesion. In cases of deeper invasion of the lesion towards the tunica media, where the border between subendothelial connective tissue and tunica media was altered, the outer border of the atherosclerotic lesion was considered to be at the level of the inner most elastic lamina.
Immunohistology
Macrophages were detected in atherosclerotic lesions by immunolocalization of the MOMA-2 macrophage marker. Formaldehyde-fixed cryostat sections were incubated with rat anti-mouse MOMA 2 (1: 20, Acris SMO65) overnight at 4 . The sections were washed and then exposed for 1 hour to Goat anti-Rat IgG-Cy5 (Acris R1439C3). Thereafter, the sections were extensively washed with washing buffer and counterstained with 4, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, USA). Photo documentation was obtained for specimens viewed under an Olympus BX 40 microscope equipped with an Olympus DP 70 digital camera.
Determination of Cholesterol Level
Cholesterol levels in sera of experimental mice were determined by a HoffmannLa Roche autoanalyze (control CDC; Hitachi, Atlanta).
Statistics
Statistical analysis was performed by the nonparametric Mann-Whitney U test. Results are expressed as the mean SEM. Values of p 0.05 were considered different.
Results
By classical cultivation methods and fluorescence in situ hybridization (FISH), we detected the main components of conventional microflora in SPF ApoE / mice: Bacteroides spp., Bacteroides thetaiotaomicron, Lactobacilli, Bifidobacterium, Escherichia coli, Enteroccocus, Clostridia and SFB. The main pathogen in some conventional animal facilities, Helicobacter sp., was not detected in our SPF mice by PCR method.
Segments of thoracic aorta of GF ApoE / mice (n 5) fed a low cholesterol diet contained prominent excentric lesions comparable to human type lesions (Fig. 1A) . They exhibited a fibrous cap with collagen and smooth muscle cells encircling lipid-laden foam cells, macrophages and well-delineated accumulation of extra cellular lipid (lipid core). The presence of macrophages in aortic atherosclerotic lesions of GF ApoE / mice on a low cholesterol diet was confirmed by immunohistochemical staining using anti-MOMA 2-antibodies (Fig. 1B) . The aortas of CV ApoE / mice (n 6) on a low cholesterol diet did not have lesions; the tunica intima, media and adventitia had a normal appearance (Fig. 1C) .
ApoE / mice on a hypercholesterol diet under GF conditions (n 8) had prominent lesions ( Fig. 2A) with a very thin fibrous cap with collagen, encircled by lipid-laden foam cells. Relatively less prominent atherosclerotic lesions were found in CV ApoE / A B C mice (n 9) on a hypercholesteric diet. They showed a thicker fibrous cap with collagen fibers and smooth muscle cells mostly covering the foam cells (Fig. 2B) . The area fraction of the free vessel lumen (AFFV L-%) in GF ApoE / mice on a low cholesterol diet was 65% while in CV animals it was 96% ( p 0.05) (Fig. 3A) .
In both GF and CV ApoE / mice fed a hypercholesterol diet, the area fraction of the free vessel lumen was similar (Fig. 3B) .
The estimated volume of the atherosclerotic lesions (estV in m 3 ) in ApoE / mice fed a low cholesterol diet was larger in GF than in CV animals ( p 0.01) (Fig. 4A) . On the other hand, no significant difference in estV was found between the two groups when kept on a hypercholesteric diet (Fig. 4B) .
Cholesterol level in sera was significantly lower in the CV group than in GF animals bred on both a low ( p 0.05) and high ( p 0.01) cholesterol diet (Fig. 5A, 5B) .
Discussion
In the present study, we have provided experimental evidence of the influence of intestinal bacteria on the development of atherosclerotic lesions in strain C57BL/6 of ApoE / mice bred under GF and CV conditions. The mice were fed a high-fat Western diet and a standard chow diet with a low level of cholesterol. The extent of atherosclerotic plaques in the aorta was detected by histological, morphometric and immunohistological methods. The absence of atherosclerotic plaques in conventionally reared SPF ApoE / -deficient mice fed a low cholesterol standard diet was confirmed in our study. The number of atherosclerotic lesions in the aortic sinus significantly increased in homozygotes fed an atherosclerotic diet when compared to controls fed a normal chow diet 24) . Surprisingly, when ApoE / mice were rederived and reared under GF conditions for two generations and fed a low cholesterol diet, development of atherosclerotic plaques during 4 months was observed. From these results it could be concluded that commensal microflora protected ApoE / mice fed a low cholesterol diet against the development of lesions.
On the other hand, only mild differences were found between the extent of atherosclerotic plaques formed in ApoE / mice under GF or CV conditions kept on a hypercholesterolemic Western-type diet.
Both experimental groups on a Western-type diet i.e. GF and CV animals, displayed extensive atherosclerotic plaques with pathological changes in other organs included massive xanthomatosis (Klimesova et al., in preparation). These findings corresponded with the findings of Wright et al. 7) , who concluded that Western-style diets with high cholesterol is responsible for development of atherosclerosis in ApoE / mice under either GF or CV conditions with ambient pathogens. The role of bacteria in the process of atherosclerosis was suggested in numerous studies 6, 7) , however, their role has not yet been fully documented. Several reports have demonstrated the possible association of pathogenic micro-organisms of periodontal infections with coronary heart disease. The presence of particular periodontopathic bacteria with high virulence had effects on atherosclerosis; Porphyromonas gingivalis was identified as the major causative organism 25) . In humans, atherosclerotic lesions have been observed at high frequency in the presence of the bacteria Chlamydia pneumonie and H. pylori 26) . As indicated by Jiang et al. 27) H. muridarum and H. hepaticus are the main pathogens in mouse colonies and are responsible for the development of intestinal inflammatory diseases. Our colony of ApoE / CV mice did not have Helicobacter species 11) , which was determined by PCR. Changes in the composition of gut microflora were recently found to be linked with various human diseases. Obesity in humans was associated with decreased Bacteroidetes and increased Firmicutes. These changes in microbiota increased the capability to break down fiber into short chain fatty acids and to release additional energy, which could be converted into fat 28) . ApoE-deficient mice fed a high fat diet were recently found to exhibit a chronic level of inflammation, which may mediate the formation of atherosclerotic lesions 29) . The influence of probiotic bacteria was studied in patients with a high cholesterol level supplemented with L. plantarum 299v. Administration of probiotic bacteria led to reduction of the cardiovascular disease risk factors and it was suggested as a protective agent in the primary prevention of atherosclerosis in smokers 30) . On the other hand, in conventional knockout ApoE / mice on a hypercholesteric diet, administration of L. delbrüeckii had only a low antiatherogenic effect 31) . A specific strain of L. plantarum (DSM 9843) was used in probiotic therapy of incipient atherosclerosis in humans, and increased bacterial diversity in the gut and changes in the concentration of some short chain fatty acids produced by bacteria as a consequence of lactobacilli administration were described 32) . Germ-free mice are used to test the effect of commensal bacteria on the development of various autoimmune and inflammatory diseases 33) . While some inflammatory diseases, such as colitis and joint disease, do not develop under germ-free conditions 34, 35) , others, such as autoimmune diabetes spontaneously developing in NOD mice, evince a higher incidence under germ-free conditions 36) . In our present study, using a model of atherosclerosis in ApoE-deficient mice reared on a low cholesterol standard diet, we found a similar protective effect of colonization by commensal bacteria to that described in autoimmune diabetes.
The protective effect of colonization with commensal bacteria in atherosclerosis development, which is present only in a low cholesterol diet, could be explained by differences in the composition of dietary fat in low and high cholesterol diets and their effect on microbiota. The high cholesterol diet contains beef tallow, which is formed by saturated fatty acids (50%), monounsaturated fatty acids (42%) and PUFA (only 4%). The low cholesterol diet, ST-1, which possesses only 3% fat, was from fish and soy meal. Fish fat contains mainly polyunsaturated fatty acids (PUFA) of n-3 series, which can be metabolized by gut SPF bacteria in ApoE / mice. On the other hand, the composition of the diet influences the composition of intestinal microbiota. The important effect of diet composition (feeding an elementary diet) on the diversity and amount of intestinal microbiota, leading consequently to changes in immunological reactivity, has recently been described using a model of chronic colitis 37) . SPF microbiota of our mice contained several strains of Lactobacilli, which have been described to affect fat metabolism. Currently, we are studying the composition of microbiota while feeding ApoE-deficient mice with high and low cholesterol diets by using molecular-biological approaches (FISH, flow cytometry) 38) . Recent decades saw an increasing prevalence of chronic inflammatory, autoimmune and neoplastic diseases in industrially developed countries. This fact known as "hygiene hypothesis" 39) is often explained by an increase of hygiene standards and lack of infectious stimuli during the early postnatal period. It was suggested that the composition of intestinal microbiota plays an important role in the development of inflammatory diseases by influencing the development of regulatory T cells 40) . In agreement with this hypothesis, in our experiments, germ-free conditions accelerated the development of atherosclerosis in ApoE-deficient mice reared on a low cholesterol diet. It seems that commensal bacteria could become opportunistic pathogens under specific conditions in later stages of life and could contribute to the development of atherosclerosis by various mechanisms (e.g. by cross-reactivity between commensals and oxidized low-density lipoproteins) 41) . Atherosclerosis is a chronic disease of large and medium arteries characterized by foam cells with lipid depositions. The participation of cells of the immune system is well documented. Foam cells originating from macrophages play an important role in the initiation and progression of atherosclerosis 42) . The involvement of adaptive immunity was suggested by the presence of T cells in atherosclerotic plaques 43) . We detected numerous macrophages and foam cells in atherosclerotic lesions in ApoE / mice fed a low cholesterol diet reared under GF conditions while there was no evidence of macrophages in the aorta as well as atherosclerotic plaque development in ApoE / mice fed a low cholesterol diet and colonized by specific pathogen-free flora. In contrast to the results described by Wright, our results strongly suggest that when feeding mice with a standard chow diet, intestinal microbiota have a crucial effect on the formation of atherosclerotic plaques.
